Morphology and phase transformation at a solder joint of the Sn-9Zn-xAg lead-free solders and Cu substrate in a solid-state reaction have been investigated in this study. The Cu 6 Sn 5 intermetallic compound is formed at the Sn-9Zn/Cu interface but the Cu 5 Zn 8 layer decomposes as aged at 180°C, which causes microvoid formation at the solder joint. However, microvoid formation is suspected at the Sn-9Zn-xAg/Cu interface due to the Ag 3 Sn formation. A bistructural Cu 6 Sn 5 layer is found at the Sn-9Zn-xAg/Cu interface after soldering due to the Ag dissolution in it. As aged at 180°C, the Ag is repelled from the Ј-Cu 6 Sn 5 and makes it transform to the -Cu Due to the toxicity of Pb, various lead-free solders have been used to substitute for 63Sn-37Pb solder alloy to be an interconnecting material in electronic packaging, such as Sn-3.5Ag, Sn-9Zn, Sn-3.5Ag-0.9Cu, and Sn-8.55Zn-0.45Al.
They have shown that microvoids are formed at the solder joint after Cu 6 Sn 5 appears at the interface, which deteriorated solder joint reliability. However, the formation mechanism of the microvoids is not clear although Suganuma et al. 5 demonstrated that microvoids are due to the inferior wettability between the Sn-9Zn solder alloy and Cu substrate. But Kim et al. 6 have proposed that the formation of the microvoids is attributed to the diffusion of Sn.
Sn-9Zn-xAg solder alloys are promising materials to take the place of 63Sn-37Pb solder alloy because of better wettability and mechanical properties than Sn-9Zn solder alloy, 7, 8 and Kirkendall void formation at the solder joint are inhibited as aged. 9 However, the effect of Ag addition on the formation of microvoids has not been discussed in detail. The objectives of this study are to (i) discuss the formation mechanism of microvoids, (ii) hinder the formation of microcracks at the Sn-9Zn/Cu interface by Ag addition, and (iii) investigate phase transformation at a solder joint.
Sn-9Zn-xAg lead-free solders were made with pure Sn, Zn and Ag with x of 0, 0.5, 1.5, 2.5, and 3.5 wt %. The pure metals were degreased and deoxidized in 5 wt % NaOH and 5 vol % HCl solutions, respectively, and rinsed in deionized water after each step. The substrate was an oxygen-free, high conductivity Cu plate 60 ϫ 20 ϫ 2.5 mm. The cleaning process for the Cu substrate was conducted like the pure metals. After pretreating, the Cu substrate was immersed in a 3.5 wt % DMAHCl solution ͑3.5 wt % dimethylammonium chloride and ethanol as a solvent͒ for 10 s to enhance the surface activity of the Cu substrate and avoid reoxidizing of the surface. Afterward, the Cu substrate was soldered in the melted Sn-9Zn-xAg lead-free solders at 250 and 350°C for 10, 20 and 30 s, respectively. The temperature of 250°C corresponds to the practical reflowing temperature. However, a higher soldering temperature offered better wettability of solder alloy on Cu substrate, so samples soldered at 350°C for 30 s were aged at 180°C for 100, 250, 400, 750, and 1000 h, respectively. Phase transformation of -Cu 6 Sn 5 to Ј-Cu 6 Sn 5 at 170°C can be prevented under the chosen temperature. The morphology of the Sn-9Zn-xAg/Cu interface was observed by a scanning electron microscope ͑M-SEM, JXA-840, JEOL, Japan͒ and the chemical composition of the intermetallic compounds ͑IMCs͒ formed at the interface was determined by an energy dispersive spectrometer ͑EDS, AN10000/85S, Links, U.K.͒. Twenty values of the IMC thickness were estimated and averaged. A transmission electron microscope ͑TEM, HF-2000, Hitachi, Japan͒ with an EDS ͑Voyager 1000, Noran͒ was used to observe the interface and electron diffraction ͑ED͒ was utilized to identify the structure of the Cu 6 Sn 5 IMC layer.
From the thermodynamic calculation, the Cu 5 Zn 8 IMC layer is the most stable phase at the Sn-9Zn/Cu interface as reported by Lee et al. 10 It also has been demonstrated by Chang et al. 11 that the IMC layer at the Sn-9Zn/Cu interface after soldering at 350°C for 30 s was Cu 5 Zn 8 . Figure 1a Table I , indicating that the planar IMC layer is Cu 6 Sn 5 . A planar Cu 5 Zn 8 layer is also found at the interface close to the Cu substrate. Besides at the interface, the Cu 6 Sn 5 IMC is also found in the solder matrix, showing that Cu diffused to the Sn-9Zn-3.5Ag solder alloy rapidly during soldering because Ag increased the solubility of Cu in Sn. 12 However, the solubility of Cu in Sn decreased during solidification, hence, the precipitates in the solder matrix reacted with Sn to form Cu 6 Sn 5 , as reported by Jang et al. 13 The high diffusivity of Cu not only caused the Cu 6 Sn 5 formation in the solder matrix, but also induced the formation of microvoids at the interface. It deteriorates the solder joint reliability as reported by Chang et al. Figure 2a shows the morphology of the Sn-9Zn/Cu interface after aging at 180°C for 100 h, which exhibits that the Sn diffused to the interface close to the Cu substrate and reacted with Cu to form the Cu 6 Sn 5 particulates, and the Zn diffused to the Sn-9Zn/Cu interface close to the solder alloy and reacted with Cu to form Cu 5 Zn 8 , the result agrees with the previous report. 2 The white particles were also determined as Cu 6 Sn 5 because Cu diffused rapidly in the Sn9Zn solder alloy 2 and reacted with Sn to form Cu 6 Sn 5 . Yu et al. 2 and Cu-Sn compound was formed at the Sn-9Zn/Cu interface after aging at 125°C for 300 h. Suganuma et al. 5 also showed that Cu-Zn compounds started to transform to Cu-Sn compounds after aging at 150°C for 100 h. The decomposition of the Cu-Zn compound and microvoid formation are often found at the solder joint when Cu-Sn compounds form. Microvoids cause crack formation and deteriorate solder joint reliability, as reported by Shimano et al. 15 Suganuma et al. 5 demonstrated that the formation of microvoids is due to the inferior wettability of Sn-9Zn solder alloy on Cu substrate. However, a theory based on the diffusion of Sn atoms has been proposed by Kim et al. 6 From a previous study, 16 Cu 6 Sn 5 particulates were not found at the Sn-9Zn/Cu interface but Kirkendall voids were formed at the Sn-9Zn/Cu 5 Zn 8 interface after aging at 180°C for 250 h, showing that Cu 6 Sn 5 particulates decomposed and Sn diffused to the Cu substrate.
The morphology of the Sn-9Zn/Cu interface after aging at 180°C for 400 h is shown in Fig. 2b , which indicates that Sn-9Zn solder alloy has been consumed to form the Cu 6 Sn 5 with the thickness of 12.24 Ϯ 0.56 m. The IMC particulates embedded in the Cu 6 Sn 5 layer were determined as Cu 5 Zn 8 , showing that the Cu 5 Zn 8 disrupted and the Cu 6 Sn 5 grew rapidly in this stage. However, Kirkendall voids were not observed at the interface after aging at 180°C for 400 h, which is because Cu 6 Sn 5 formed and filled them up. Figure 2c shows the morphology of the Sn-9Zn/Cu interface after aging at 180°C for 750 h, which indicates that the thickness of the Cu 6 Sn 5 increased from 12.24 Ϯ 0.56 to 14.87 Ϯ 0.53 m with increasing aging time from 400 to 750 h at 180°C. The Cu 5 Zn 8 particulates were still embedded in the Cu 6 Sn 5 layer. Besides, microvoids were observed at the interface due to the growth of Cu 6 Sn 5 . The small particles formed at the Cu substrate were also determined as Cu, because Sn and Zn dissolved to the Cu substrate during aging, the supersaturated Cu atoms precipitated in the matrix. Figure 3a shows the morphology of the Sn-9Zn-3.5Ag/Cu interface after aging at 180°C for 100 h, which indicates that the scallopshaped Cu 5 Zn 8 is located at the interface without forming Cu-Sn compound, which is different from that of the Sn-9Zn/Cu interface after the same aging process.
A planar Cu 6 Sn 5 layer was formed at the Sn-9Zn-3.5Ag/Cu interface after soldering at 350°C for 30 s and microvoids were found at the interface as shown in Fig. 1c . Hence, Cu diffused through the interface via the microvoids and reacted with Zn to form Cu 5 Zn 8 , which replaced Cu 6 Sn 5 located at the interface because Cu 5 Zn 8 has a lower Gibbs free energy than Cu 6 Sn 5 .
17 Some Kirkendall voids were formed at the interface of the Cu 5 Zn 8 layer and solder alloy, which were caused by Zn atoms at the interface being consumed to form Cu 5 Zn 8 .
After aging at 180°C for 400 h, a scallop-shaped Cu 6 Sn 5 layer was formed at the interface close to the Sn-9Zn-3.5Ag solder alloy and a scallop-shaped Cu 5 Zn 8 layer formed after aging at 180°C for 100 h transformed to a planar one close to the Cu substrate, as shown in Fig. 3b . This indicates that formation of Cu 6 Sn 5 is not due to the disruption of Cu 5 Zn 8 at the Sn-9Zn/Cu interface, 2 which is caused by that Cu diffused to the solder alloy and reacting with Sn to form the Cu 6 Sn 5 layer. Besides, no microvoid was found at the interface at this time because Cu 5 Zn 8 did not disrupt as that at the Sn-9Zn/Cu interface. Figure 3c shows the morphology of the Sn-9Zn-3.5Ag/Cu interface after aging at 180°C for 1000 h. It indicates that the rough scallop-shaped Cu 6 Sn 5 was formed at the interface close to the solder alloy, but Cu 5 Zn 8 particulates were located at the interface close to the Cu substrate. Microvoids were found until the aging time attained 1000 h. This result shows that Ag addition is beneficial in suspending the formation of microvoids because it promoted Cu 6 Sn 5 formed at the interface close to the solder alloy and which slowed the diffusion rate of elements.
Tu et al. 18 have demonstrated that the scallop-shaped IMC layer is stable in soldering but is transformed slowly to a planar layer during aging. A planar Cu 6 Sn 5 layer was found at the Sn-9Zn/Cu interface after aging at 180°C for 1000 h. However, the rough scallop-shaped Cu 6 Sn 5 still existed at the Sn-9Zn-3.5Ag/Cu interface as aged for 1000 h, which shows that the reaction rate of the Cu substrate with the Sn-9Zn solder alloy is higher than that of the Sn-9Zn-3.5Ag solder alloy.
Shohji et al. 2 have pointed out that the formation of Cu-Sn compounds at the Sn-9Zn/Cu interface is due to the disruption of the Cu-Zn compounds. Sn diffused to the interface and reacted with Cu directly. Microvoids were formed at the solder joint as the Cu-Sn Figure 3 . Morphology of the Sn-9Zn-3.5Ag/Cu interface after aging at 180°C for ͑a͒ 100, ͑b͒ 400, and ͑c͒ 1000 h. compound formed. However, the Cu 5 Zn 8 layer formed at the Sn9Zn-3.5Ag/Cu interface did not disrupt during aging, and its disappearance is due to the high solubility of Zn in Cu. 19 Besides, the diffusivity of Zn atoms in the solder alloy is hindered by the formation of a Cu 6 Sn 5 layer, 16 therefore, the microvoids were formed at the Cu 6 Sn 5 /Cu 5 Zn 8 interface. Figure 4a exhibits the bright-field ͑BF͒ image of the Cu 6 Sn 5 layer formed at the Sn-9Zn-1.5Ag/Cu interface after soldering at 250°C for 10 s, a rod-like phase was wrapped in the matrix. The ED pattern of the rod-like phase is shown in Fig. 4b , indicating that it has a monoclinic structure with zone axis ͑ZA͒ of ͓111͔ of the Ј-Cu 6 Sn 5 . Hence the matrix is -Cu 6 Sn 5 . EDS analyses of -Cu 6 Sn 5 and Ј-Cu 6 Sn 5 are shown in Fig. 4c and d , which indicate that Ag and Zn did not dissolve in the -Cu 6 Sn 5 . However, the dissolution of Ag in Ј-Cu 6 Sn 5 is 2.75 atom %. Vianco et al. 20 have demonstrated that Ag atoms do not dissolve in the -Cu 6 Sn 5 layer at the Sn-3.5Ag/Cu interface. Hence, the bistructural Cu 6 Sn 5 layer formed at the Sn-9Zn-1.5Ag/Cu interface is due to the dissolution of Ag in the -Cu 6 Sn 5 and whose lattice was expanded. 11 From Fig.  1c and EDS analysis listed in Table I , a Cu 6 Sn 5 layer containing Ag is found at the Sn-9Zn-3.5Ag/Cu interface after soldering at 350°C for 30 s, hence the bistructural Cu 6 Sn 5 layer should also appear at the interface. Figure 5a is the BF image of the Sn-9Zn-2.5Ag/Cu interface after aging at 180°C for 1000 h, which indicates that four IMCs were formed at the interface, namely, Ag 3 Sn ͑location 1͒, Ј-Cu 6 Sn 5 ͑location 3͒, -Cu 6 Sn 5 ͑location 2 and 4͒, and Cu 5 Zn 8 ͑location 5-7͒.
The ED pattern of the planar -Cu 6 Sn 5 with a ZA of ͓1 21 1͔ is shown in Fig. 5b , indicating that -Cu 6 Sn 5 has a hexagonal structure, as reported by Peplinski. 21, 22 The ED pattern of the particulate Ј-Cu 6 Sn 5 in location 3 with ZA of ͓111͔ is shown in Fig. 5c , which expresses that the structure is monoclinic, and corresponds to the report of Larsson et al. 23, 24 From Fig. 4a-d , it is found that a bistructural Cu 6 Sn 5 was formed at the Sn-9Zn-1.5Ag/Cu interface after soldering due to the dissolution of Ag in -Cu 6 Sn 5 and which caused hexagonal -Cu 6 Sn 5 transforming to monoclinic Ј-Cu 6 Sn 5 . However, the Ag atoms in Ј-Cu 6 Sn 5 were repelled in a solid-state reaction and reacted with Sn to form Ag 3 Sn because Ag has a low solubility in Sn. 25 The formation of Ag 3 Sn inhibited microvoid formation at the Sn-9Zn-xAg/Cu interface as aged. The results of this study can be concluded as follows 1. Microvoids are formed at the Sn-9Zn/Cu interface after aging at 180°C for 100 h but appear at the Sn-9Zn-3.5Ag/Cu interface as aged for 1000 h. The Ag addition in the solder alloy suspends the formation of microvoids. 2. Bistructural Cu 6 Sn 5 is formed at the Sn-9Zn-xAg/Cu interface as soldered due to the Ag dissolution in it.
3. Monoclinic Ј-Cu 6 Sn 5 transforms to hexagonal -Cu 6 Sn 5 in a solid-state reaction because Ag atoms are repelled from the former and react with Sn to form Ag 3 Sn. 
